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Investigated by B800 Pigment Exchange
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ABSTRACT Femtosecond transient absorption measurements were performed on native and a series of reconstituted LH2
complexes from Rhodopseudomonas acidophila 10050 at room temperature. The reconstituted complexes contain chemi-
cally modified tetrapyrrole pigments in place of the native bacteriochlorophyll a-B800 molecules. The spectral characteristics
of the modified pigments vary significantly, such that within the B800 binding sites the B800 Q, absorption maximum can be
shifted incrementally from 800 to 670 nm. As the spectral overlap between the B800 and B850 Q, bands decreases, the rate
of energy transfer (as determined by the time-dependent bleaching of the B850 absorption band) also decreases; the
measured time constants range from 0.9 ps (bacteriochlorophyll a in the B80O sites, Q, absorption maximum at 800 nm) to
8.3 ps (chlorophyll a in the B80O sites, Q, absorption maximum at 670 nm). This correlation between energy transfer rate and
spectral blue-shift of the B800 absorption band is in qualitative agreement with the trend predicted from Forster spectral
overlap calculations, although the experimentally determined rates are ~5 times faster than those predicted by simulations.
This discrepancy is attributed to an underestimation of the electronic coupling between the B800 and B850 molecules.

INTRODUCTION

The recent crystal structure of the LH2 complex fr&®ps.  These molecules absorb light 8800 nm and are corre-
acidophilal0050 at a resolution of 2.5 A (McDermott et al., spondingly denoted the BChI-B800 molecules. In addition,
1995) has provided an excellent opportunity to study excithe carotenoids span the membrane, making van der Waals
tation energy transfer in great detail (for review, see Sundeontact with both the BChI-B800 and -B850 molecules.
stram et al., 1999). The LH2 complex has a nonameric ring We are particularly interested in trying to understand the
structure, with each monomeric unit containing@nand  mechanism of energy transfer between the BChl-B800 and
B-apoprotein, three BChl molecules, and one carotenoi®Chl-B850 molecules. The kinetics of this process have
(Arellano et al., 1998) molecule. The nireapoproteins  peen extensively studied. B8GOB850 energy transfer was
form a hollow cylinder with the nineB-apoproteins ar- first clearly resolved irRb. sphaeroidedy Shreve et al.,
ranged concentrically outside. Eighteen BChl molecules argyhere femtosecond transient absorption measurements re-
sandwiched between the- and B-apoprotein helices and yealed a time constant of 0.7 ps at room temperature
form a continuous overlapping ring. These molecules abispreve et al., 1991). This result has been confirmed in
sorb mainly at~850 nm and are called the BChI-B850 friher transient absorption (Hess et al., 1995; Monshouwer
molecules, with B850 denoting the binding site according to al., 1995: Kennis et al., 1997; Pullerits et al., 1997) and
the Q, absorption maximum of the native BChl within. A g,,qrescence upconversion studies (Jimenez et al., 1996).
further nine BChl molecgles are located more penpherally,;Or comparison, the time constant for B86®850 energy
in the complex and are situated between BRpoproteins. o qfer inRps. acidophilal0050 is 0.9 ps (Kennis et al.,
1997; Ma et al., 1997).
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bacteriochlorophyla (esterified with phytol); BCh,, BChl esterified with fractive |nde?( of the Intervening p|gm.enF environment, and
geranylgeraniol at position C37the abbreviations for the other pigments the overlap integral between the emission spectrum of the
are summarized in Fig. 1); BChl-B800, -B850, BChl molecule in the B800,donor and the absorbance spectrum of the acceptor mole-
B850 binding pockets, respectively; XXX-B800, general reference to anycyles (Fmster, 1948). To test whether or not B&8BS850

native or modified (bacterio)chlorophyll pigment (XXX) in the B800 - - o
binding sites; B800>B850, energy transfer from the XXX-B800 to the energy transfer occurs by this mechanism, it is necessary to

BChI-B850 molecules; LM, n-dodecyd-p-maltoside;Rb., Rhodobacter systematically alter one of the above parameters (keeping
RC, reaction centeiRps., Rhodopseudomonas the other parameters constant) and then compare the effect
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The variable that can be altered most easily is the spectraarticipate in efficient energy transfer to the BChI-B850
overlap function. For example, LH2 complexes in which themolecules (Bandilla et al., 1998; Fraser et al., 1999).
Q, absorption maximum of either the BChl-B800 or -B850 Here, we present measurements of the rate of
molecules is blue-shifted have been created by site-directed800—B850 energy transfer in a series of complexes re-
mutagenesis (Fowler et al., 1992, 1997). In these mutanteonstituted with different (B)Chl derivatives such that the
the changes in the rate of B886B850 energy transfer were Q, absorption band of the (B)Chl-B800 molecules is pro-
in qualitative agreement with those predicted byrdfer ~ gressively blue-shifted. The validity of the fster mecha-
theory (Hess et al., 1994; Fowler et al., 1997). The spectrdhism in describing the observed kinetics is discussed and
separation between the BChI-B800 and -B&3pabsorp- ~ alternative mechanisms are considered.
tion transitions can also be varied by changing either the
pressure (Tars et al., 1994; Wu e_t al., 1997) or temperaturﬁlATERlALs AND METHODS
(Pullerits et al., 1997). On cooling, the spectral overlap
between the BChI-B800 and -B8&Y, transitions decreases Isolation of LH2 complexes
_due to a narrowing of both bands and a pronounced red-Shltthuid cultures of Rps. acidophilal0050 were grown anaerobically at
in the BChI-B850 band. The time constants for 3gec in Pfenning’s medium (Pfenning, 1969). Cells were harvested by
B800— B850 energy transfer iRb. sphaeroideat 300, 77,  centrifugation. LH2 complexes were prepared as described by Fraser et al.
and 4.2 K are 0.7, 1.2, and 1.5 ps, respectively (Pullerits ef1999).
al., 1997).

Model caIcuIaFions based solely uponrEer theoryZ Pigment-exchange procedure
which also took into account the overlap due to the high-
energy vibrational states, suggested significantly slowefhe pigment-exchange procedure has been detailed elsewhere (Frager,
rates than were experimentally measured. Two pOSSiblé.ggs)' In'short, gll of thg BChlI-B800 molecules can be released from their

. . . inding sites by incubating an LH2 sample (nonamer concentration of 0.7
explanations were given for this anomaly. It was suggeste M) in buffer containing Triton TBG10 at a pH of 4.75 at 30°C for 1 h.
that the BChI-B800 molecules transfer their excitation en-8850-only complexes were then purified by ion-exchange chromatography
ergy into the higher-energy side of the exciton manifoldusing phosphocellulose as adsorbent. Later, the reconstituted complexes
associated with the BChI-B850 molecules. This absorptior{'ee made by incubating a B850-only sample containing 0.1% (w/v) LM
. . . ith a 3-fold excess of the desired pigment (see Fig. £ pfb at pH 8 and

component arises from the mixing of the excited states oﬁ/t room temperature.
the BChI-B850 molecules and is thought to be located in the
same spectral region as tt@, absorption band of the
BChl-B800 molecules (Wu et al., 1996; Sauer et al., 1996Pigments: in vitro characterization
Kihn and Sundstra, 1997; Koolhaas et al., 1998; Bandilla The fluorescence lifetimes of the modified pigments were measured via the
et al., 1998; Sundstro et al., 1999; Leupold et al., 1999). time-correlated single photon counting technique. Excitation was in either
Alternatively, enhancement of the electronic coupling duethe Soret oQ, bands with 200-fs pulses generated by a Ti:Sapphire laser,
to the higher-order coupling terms and involving a Super_pulse picked at a repetition rate of 800 kHz. Fluorescence was detected at

exchange mechanism via carotenoids and/or other nearffjf9ic andle (54.7°) using a microchannel plate photomultiplier. The re-
onse function was 120 ps. The fluorescence lifetimes of the pigments are

chromophores may facilitate rapid B88B850 energy i on the nanosecond time scale (Table 1) and, as such, their intramolec-
transfer (Pullerits et al., 1997; Scholes et al., 1997; Damular photophysical dynamics will have negligible effect on the picosecond
janovic et al., 1998; Krueger et al., 1998, 1999). B800—B850 energy transfer times.

The spectroscopic properties of certain LH2 complexes _The fluorescence emission _spectrum of _egch pigm(_ent was measured

. . . . using a standard fluorometer with photomultiplier detection. All measure-

can be radlca"y altered by SeleCtlvely eXChangmg the natlv?nents were made in a 1-cm quartz cuvette, with diethylether as solvent.
BChl molecules in the B800 binding sites with chemically The optical density was kept well below 0.1 at Qeabsorption maximum
modified tetrapyrrole pigments (Bandilla et al., 1998; to prevent self-absorption and pigment aggregation.
Fraser, 1998; Fraser et al., 1999). In this approach, the
BChI-B800 molecules are released from their binding pOCk'Steady-state absorption measurements
ets by an acid treatment. '93B850-only’94 complexes can
then be purified by ion-exchange chromatography, and fi-Absorption spectra were measured using a standard spectrophotometer. All
na”y the empty binding sites can be reconstituted withmeasurements were made in a 1-cm quartz cuvette. The samples had an
either native or modified (bacterio)chlorin molecules (Ban-ABSQ of 0.5.
dilla et al., 1998; Fraser, 1998; Fraser et al., 1999). Thor-
ough characterization studies have shown that the overafransient absorption measurements
structures of the reconstituted complexes are not affected b1y

. he femtosecond spectrometer used here is based on an amplified Ti:
the pigment-exchange procedure (Fraser et al., 1999). IEapphire laser system, producinrglO0 fs pulses at 790 nm with an

addition, the reconstituted pigments are correctly bounGyerage output powerfd W and a repetition rate of 5 kHz. Part of this
within the B800 binding pockets (Gall et al., 1999) and light was used to pump an optical parametric amplifier for creating exci-
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TABLE 1 Fluorescence lifetimes of the pigment molecules
in diethylether

Pigment 7 (ns) Reference
Bchl 29+ 0.1* This work
3.0x02 ik
BChlg, 2.9+ 0.1* This work
13%-OH-BChl 2.4= 0.1* This work
Zn-Bphe 26+0.1 This work
26*+0.2 i
3-vinyl-BChl 3.0x0.1 This work
31=02 *
3'-OH-BChl 3.1+0.1 This work
29+0.2 *
3-acetyl-Chl 57+ 0.1 This work
5.9+ 0.2 *
R R, Rg M chl 5.8+ 0.1 This work
BChi COCH, H CyHie Mg 6.0+ 0.2 *
BChigg COCH, H o CoHy Mg All pigments were excited in their Soret band. An asterisk (*) indicates
132-OH-BChl COCH, OH  CyHy Mg additional measurements wifQ, excitation; in these cases the lifetime
Zn-Bphe COCH, H CyHys 2n represents an average of the measured values.
3-vinyl-BChl C,H, H CyHy Mg "Teuchner et al., 1997.
3.0H-BChl | CHOH- H  CuHi Mg *Teuchner et al., 1994.

RESULTS

The absorption spectra of native LH2, B850-only, and se-
lected reconstituted complexes are shown in Fig. 2. The
BChI-B800Q, absorption band is absent in the B850-only
complex (Fig. 2b) but is restored in the BChI-B800 recon-

Chl C.Hs
3-acetyl-Chl COCH;
3'-OH-Chl CHOH-CH,4

f

FIGURE 1 Structures of (B)Chl pigments introduced into the reconsti-
tuted complexes.

Absorbance (a.u.)

tation pulses in the 660—790-nm region. The remaining light was focused g
into a 1-cm sapphire plate to generate a white-light continuum that was
used for probing. The relative polarization of the pump and probe pulses h
was set to the magic angle (54).7The instrument response function,
measured as the cross-correlation of the pump and probe pulses at the
sample position, had a Gaussian time profile with a full-width at half- L L T
maximum (fwhm) of ~130 fs. To avoid nonlinear singlet-singlet and 400 500 600 700 800 900
singlet-triplet excitation annihilation and prevent sample degradation, the

excitation intensity was attenuated te6 X 102 photons/cri. All mea- Wavelength (nm)

surements were made in a 2-mm rotating quartz cell. The samples were

diluted with the appropriate buffer solution such tigt,. ~0.5. Absorp- FIGURE 2 Absorption spectra of tha)(native, ) B850-only, and ¢)
tion spectra of each sample were recorded before and after the transieBChl-, (d) Zn-Bple, () 3-vinyl-BChl-, (f) 3'-OH-Bchl-, (@) 3-acetyl-Chl-,
absorption measurements to check that no degradation had occurred. and ) Chl-B800 reconstituted complexes.

Biophysical Journal 78(5) 2590-2596



B800—B850 Energy Transfer in LH2 2593

stituted complex. The absorption spectra of the complexes
reconstituted with BCR|- and 13-OH-BChI-B800 are the
same as those for the BChI-B800 reconstituted complex
(data not shown). In the complexes reconstituted with Zn-
Bphe-, 3-vinyl-BChl-, 3-OH-BChl-, 3-acetyl-Chl-, and
Chl-B800, the (B)Chl-B800Q, absorption maximum is
progressively blue-shifted (Fig. 8-tk Table 2). The small 5 0.2
shoulder at 680 nm in the absorption spectrum of the 3 i

[en IE—
oo O

(normalized)
(] o
B o

OH-BChI-B800 reconstituted complex is due to &@H- 0.0 , ; , , ; l [
Chl oxidation product. As the (B)ChI-B80Q, transition is 0 2 4 6 8 10 12 14
blue-shifted, the spectral overlap between the (B)ChI-B800 Time Delay, ps

and BChl-B850 molecules progressively decreases. This

allowed the effect of spectral overlap on the rate 0fFIGURE 3 The rise in bleaching of th@, absorption band of the
BChI-B850 molecules with time in native and selected reconstituted com-

B800—~>B850 energy transfer to be assessed over a Ialrgﬁexes. The excitation wavelengths are recorded in Table 2. B850 bleach-

wavelength range (650—-800 nm). ing was probed at 870 nm. The time constants for B8@®B50 energy
In each of the reconstituted complexes the rate ofransfer are summarized in Tablekey: (], native;V, 3-vinyl-BChl- ; A,

B800—B850 energy transfer in the various complexes was?-OH-BChl- ; ¢, 3-acetyl-Chl- ; andO, Chl-B800-reconstituted com-
determined by monitoring the time-dependent rise inP'®*€s
bleaching of the BChI-B85@, absorption band at 870 nm
after exciting its (B)Chl-B80®), transition. The excitation
wavelengths were tuned to-10 nm to the blue of the (Ma et al., 1997; Kennis et al., 1997). Similarly, in the
absorption maxima (Table 2) to allow complementary meaBChl-B800 reconstituted complex, the B8SB850 energy
surements of the recovery of the B80O ground-state absorfransfer takes 0.9 ps; this time constant was also found for
tion. These results verified the time constants obtained fronthose complexes containing pigments with similar absorp-
the rise kinetics of the B850 bleach (results not shown). Thejon, viz. BChbg or 13-OH-BChl. This observation serves
measured kinetics for the native and selected reconstitutegs further confirmation that the reconstituted pigments
complexes are shown in Fig. 3 and summarized in Table 2adopt the same conformation as those in the native complex.
In all cases, the rise of the B850 bleach is characterized by the 3-vinyl-BChl-, 3-OH-BChl-, 3-acetyl-Chl-, and Chl-
two components: an instantaneous (pulse-limited) signaB800 reconstituted complexes, the rate of B80B850
(between 1 and 25% of the total amplitude; vide infra) andenergy transfer decreases as the spectral separation between
a slower, variable signal. The latter component is due to thehe (B)Chl-B800 and BChI-B85@, absorption bands in-
arrival of excitation energy from the (B)Chl-B800 mole- creases (Fig. 3 and Table 2). In the furthest blue-shifted,
cules and was fitted to a single exponential function con-Chl-B800 reconstituted complex, the time constant for
voluted with the instrument response function. For all of theB800—B850 energy transfer is 8.3 ps. This corresponds to
samples, the BChI-B850 bleach decays+B00 ps. In the a 10-fold decrease in the rate of energy transfer compared
native complex, B808>B850 energy transfer takes0.9  with that in native LH2.
ps. This value is consistent with previous measurements The origin of the instantaneous component in the rise
kinetics was investigated in a control experiment using the
B850-only complex. The B850-only sample was excited at
TABLE 2 rotion maxima of the (BICHI-B th.e same excitation wavelength u;ed in the measurements
molecules ::ynaat::lz 2:13 recznsti:u(t,ec: I?H(2 )fomplzgzs and the with the 3-acetyl-Chl-B800 reconstituted complex,(. =

time constants for B800— B850 energy transfer 685 nm). Instantaneous bleaching of the B&gDabsorp-
tion band was observed (results not shown), indicating

B80O site . S .
. - direct excitation of the BChl-B850 molecules, even at this
Pigment Amax (nm) Aexc () 7 (pS) short wavelength.
Native LH2
BChl 800 785 0.9- 0.1
(B)ChlI-B800 reconstituted complexes
BChl 800 785 0o-01 DISCUSSION
fg‘ggH_BChl 88%% 778855 %‘%é 8'1 If the structure of a donor-acceptor system is known and the
Zn-Bphe 794 785 og-01  electronic couplmg can be eva!yated (as in LH2), _then it
3-vinyl-BChl 765 754 1.4- 0.2 proves convenient to express th&$ter transfer rate via an
3'-OH-BChl 753 742 1.8-0.2 overlap integral of normalized absorption and fluorescence
3-acetyl-Chl 694 685 4405  gpectra and the donor-acceptor interaction energy. Starting
chl 670 660 8.3 0.5

from Fermi’'s golden rule one can obtain the following

Biophysical Journal 78(5) 2590-2596
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equation (Agranovich and Galanin, 1982): ments of the 3-vinyl-BChl, 30OH-BChl, 3-acetyl-Chl, and
Chl pigments relative to BChl using their emission spectra,

A7 (TR AW their radiative rates (Teuchner et al., 1994), and tfe
ki = g [ P ][ ]dv relationship between Einstein A and B coefficients. Our

calculations indicate that the square of the B800-B850 in-
=1.18/°0 (1) teraction in the complexes reconstituted with 3-vinyl-BChl,

. 3'-OH-BChl, 3-acetyl-Chl, and Chl is-0.88, 0.92, 0.74,
wherek;_; is the rate of energy transfer between the donorand 0.52 times that in LH2, respectively. For each complex
(i) and acceptorjf molecules (units ps), V is the dipole- i , Fesp y: Piex,

> . .
dipole interaction between them (c) and® is the over- the vglu_e ofv"in Eq. 1 was scaled accordl_ngly. It |s_worth
lap integral between the donor fluorescence spect ”?e”“‘”?'”g that the_re IS a furt_her compllcatl_on with the
p g pect|(m) .
divided by »* and acceptor absorption spectrug(y) di- dlelec_tnc cgnstant i one 1S using z_i_conventlonarslffer_
vided by » for which the intensities (area) have been r]Or_et\quanon with molar extinction coeff|C|ent_and natu_ral In‘_e-
malized to unity on the cm' scale (Pullerits et al., 1997). time (Moog et al., 198_4)' We do not d'S(.:USS. this pomt
Here we have calculated the rate of B898850 energy further _because Eqg. 1 includes the refractive index in the
transfer in each of the reconstituted complexes in order tgt€ractionV. _ _
explore the effect of increased spectral separation between 1h€ calculated energy transfer times, together with the
the donor fluorescence and acceptor absorption maximg§*Perimentally measured data points, are presented in Fig.
(energy gap) on the kinetics of excitation transfer. Overlagt: EfTor bars of 15% are added to the calculated data,
integrals were calculated using the absorption spectrum dilowing for signal-to-noise limitations in the emission
the B850-only complex (Fig. D) and the fluorescence spectra and uncertalnt_les_ in estimatixgvalues and the
emission spectra of the modified pigments (for example, seotokes shift. The qualitative trends of the measured and
inset of Fig. 4). To account for the Stokes shift of the calculated transfer times agree well. Nonetheless, the cal-
emission band in the complexes, the emission spectra of tHeulated transfer rates in all of the reconstituted complexes
modified pigments were shifted 80 cthfrom the absorp- are about five times slower than those that were experimen-
tion maxima, based on B800 fluorescence in native LH2tally measured: a discrepancy noted previouskin sphae-
complexes (De Caro et al., 1994). Te band of the B850  roides (Pullerits et al., 1997).
absorption spectrum was fitted to a Gaussian function and According to Eqg. 1 there can be two reasons for this
subtracted before modeling. Elsewhere, the B800-B850 indiscrepancy: either the spectral overlap integdabr the
teraction ¥) in the native complexes has been estimated tdnteraction energy/ (or both) have been underestimated.
be ~30 cm * (Krueger et al., 1998; Pullerits et al., 1997). Previously, it has been speculated that the high-energy part
In our reconstituted complexes, however, the donor moleef the B850 exciton manifold contributes & (Braun and
cules are chemically different, which affects the strength ofScherz, 1991; Wu et al., 1996; Pullerits et al., 1997; Kool-
the coupling between the (B)Chl-B800 and BChI-B850haas et al., 1998; Leupold et al., 1999). It seems unlikely
molecules. We have estimated the transition dipole mothat additional spectral components can make a significant

10 4 - 50
10 3 45 o
3 9- ;'\0,51 [ Q
o 8- . . L40 g
= 8 o8 ! =
= 7 = r -35 =
3 64 2% P 30 B
S ] E- N N 25 3
0.0 7 T T T T T v T ©
o 44 11000 12000 13000 14000 15000 16000 i 20
= -1 o
34 cm =15
2 -10
_— - x ¥ s -
0 T T T T T T T T T T T T T T T T T v T T T T T v T o
500 1000 1500 2000 2500 3000 3500

Energy gap, cm’

FIGURE 4 Experimentaldplid circleg and calculateddpen squargsenergy gap dependence of B88®850 energy transfer. The open squares
correspond to the absolute energy transfer times, as calculated according to Eq. 1. Note the different scaling of the two data sets; the cadcatated tim
~5 times greater than those measured experimentally. The absorption spectrum of the B850-only cosldxXésl and emission spectrum of Chl
(dashed ling used in the spectral overlap calculation are shown in the insetQJHEand of the B850 absorption was subtracted.
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contribution to our calculated spectral overlap integral, asion-trivial issue and will be addressed in future work, when
our simulation uses the actual B850-only absorption specwe plan to systematically study the origin of the B850-
trum (which includes all the excitonic and vibronic mani- related background absorption at high energies.

folds) and the emission spectrum of each pigment used for

reconstitution. This leaves us to consider additional contri-

butions to the B800-B850 interaction energy. An interactionCONCLUSIONS

of ~65 cm *, rather than the-30 cm * as estimated from  The correlation between B89B850 energy transfer rate
simple dipole-dipole coupling, would account for the ob- anq spectral blue-shift of the B800 absorption band is in
served difference between measured and calculated tra”Sfﬁlﬁalitative agreement with the trend predicted frofnsier
times. It has been suggested previously that the carotenoidgectral overlap calculations, although the experimentally
contribute to the coupling between the (B)Chl-B800 andgetermined rates are considerably higher than those pre-
BChl-B850 molecules (Pullerits et al., 1997; Scholes et al. gjcted by simulations. We believe the most likely explana-
1997; Damjanovic et al., 1998; Krueger et al., 1998). Moretjon for the fivefold discrepancy between the calculated and
recently, calculations by Krueger et al. (1999) indicate thaineasured transfer rates to be an underestimation of the
the carotenoids strengthen the interaction between the Bs%nor-acceptor interaction energy, and suggest that addi-
and B850 molecules by 10-20 crh The results presented tjonal contributions to this term may come from the caro-
here are consistent with this theoretical prediction. tenoids and/or other chromophores. Further experiments are
Regarding alternative mechanisms, it has been pointegjanned to test specifically for carotenoid involvement in
out that non-diagonal (Kan and Sundstra, 1997) and/or  Bgoo—B850 energy transfer, using carotenoid-deficient

diagonal (Sumi, 1999) electron-phonon coupling may facil-| H2 complexes such as those described by Todd et al.
itate efficient excitation transfer to optically forbidden ex- (1998).

citon levels. If these couplings were the source of the
disagreement between the calculated and measured transfer
times, we would expect the mismatch to be larger for thoséVe thank Ingrid Simonin and Brigitte Wilhelm for making the modified
(B)ChI'B800Qy bands that lie within the exciton manifold pigments, Arkady Yartsev for help with the time-resolved single photon
. counting measurements, and W. W. Parson for helpful suggestions.

of the B850 molecules (i.e., at wavelengths down-{650 9 P 99
nm). As the differen tween th Iculat ndm r

) s the difference betwee e calculated and measu Research Council (J.L.H., T.P., V.S.), the Crafoord Foundation (T.P.,

tlmes_ in all of the complexes |s.a factor of .flve’ such V.S.), the European Union (Contract ERBFMGECT950020(DG12)), and
COUp“ng terms cannot be resp0n5|ble for the d|screpancy{he Gatsby Charitable Trust (N.J.F.), the BBSRC (R.J.C.), and the DFG
Finally, a brief discussion of the B850-only absorption (H.S.).
spectrum. We draw the reader’s attention to the very long
tail of the B850Q,, absorption band even beyond 14,500
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